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PRECURSOR TYPE AFFECTING SURFACE PROPERTIES AND CATALYTIC 
ACTIVITY OF SULFATED ZIRCONIA 
 
Aleksandra R. Zarubica and Goran C. Boškovi 
 
 
  Zirconium-hydroxide precursor samples are synthesized from Zr-hydroxide, Zr-ni-
trate, and Zr-alkoxide, by precipitation/impregnation, as well as by a modified sol-gel 
method. Precursor samples are further sulphated for the intended SO4
2- content of 4 
wt.%, and calcined at 500-700
oC. Differences in precursors’ origin and calcination tem-
perature induce the incorporation of SO4
2- groups into ZrO2 matrices by various mecha-
nisms. As a result, different amounts of residual sulphates are coupled with other struc-
tural, as well as surface properties, resulting in various catalytic activities of sulphated 
zirconia samples. Catalyst activity and selectivity are a complex synergistic function of 
tetragonal phase fraction, sulphates contents, textural and surface characteristics. Supe-
rior activity of SZ of alkoxide origin can be explained by a beneficial effect of meso-pores 
owing to a better accommodation of coke deposits.  
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INTRODUCTION 
 
Supply of high octane number (ON) fuel is a challenging task for oil refineries due to 
strong environmental restrictions initiated by EU legislation. Namely, elimination from 
gasoline harmful but at the same time high-ON substances, aromatics and olefins, as well 
as octane busters such as lead-based additives and MTBE, forces ON-issue to be solved by 
alternative processes. Hydroisomerization of straight C5-C7 paraffins producing high-ON 
components for gasoline blending is one possibility (1). The reaction requires a bifunc-
tional catalyst: a noble metal on an acidic support, i.e. chlorided alumina or zeolites. The 
former, however, faces environmental and expenses drawbacks, and the latter, although 
proving resistance to impurities does not satisfy because of a relatively low activity (2). 
Therefore, for the near future, an important challenge is to develop a new environmental 
friendly and active catalyst. 
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  Solid acids are a class of very interesting catalytic material due to their superiority 
compared to their liquid counterparts. Namely, solid acids are free of equipment corro-
sion problems, as well as environmental and human health risks. Therefore, solid acids, 
like sulphated zirconia (SZ), are potential candidates for isomerization of alkanes (3,4). 
Zirconia modified with sulphates exhibits superior catalytic activity, arising from its su-
peracidic features. In addition, the presence of sulphates increases zirconia stability, as 
well as the content of the most active tetragonal phase (5). From the other point of view, 
properties of SZ as a solid superacid depend on its preparation method and activation 
procedure (6,7). Therefore, a number of methods have been suggested for the preparation 
of SZ, differing in type of precursor, precipitating agents, type of sulphating agent, 
method of impregnation, calcination temperature, etc. Nevertheless, there is no consensus 
on the correlation of SZ activity with its sulphate nature and content, as well as its 
textural and structural properties; different sulphating reagents and the order of sulpha-
tion and calcination steps in a preparation sequence result in different textural and ca-
talytic properties of SZ (6,8). In this work, physico-chemical and structural properties of 
SZ samples differing in their origin, method of the synthesis and pretreatment 
temperature are compared and correlated with their activity and selectivity. 
 
 
EXPERIMENTAL 
 
  Three series of zirconium hydroxide catalyst precursors were prepared by related 
preparation methods from different materials based on hydroxide, nitrate and alkoxide. 
Zr-hydroxide precursors were further sulphated and calcined in order to obtain relevant 
catalysts.  
 Commercial  Zr(OH)2 (97%, Aldrich) was used as is forming ZH-H sample as pre-
cursor. ZH-N sample, based on nitrate precursor, was prepared from ZrO(NO3)2xH2O 
(Aldrich Co.) by precipitation with 25% NH4OH at pH 9.5. The obtained hydroxide was 
filtered, rinsed with distilled water and dried at 110
oC in static conditions for 24 h. The 
ZH-A sample, based on alkoxide precursor, was prepared from Zr(IV)-propoxide (70 
wt.% solution in 1-propanol) (Aldrich Co.) by mixing two solutions: zirconium(IV)-pro-
poxide in propanol, and propanol in de-ionised water, at a ratio of water to zirconi-
um(IV)-propoxide 2 : 1. Solutions were mixed vigorously with magnetic stirrer, in order 
to obtain zirconia-sol (concentration of 0.5 mol/dm
3), and by adding NH4OH (25%) the 
sol pH was adjusted to 13. The sol was aged for 3h, centrifuged, rinsed with de-ionised 
water (8 times) and alcohol, filtered, and then dried at 110ºC in static conditions for 24 h 
(9). 
  Dried Zr-hydroxide precursor samples were sulphated  with  H2SO4 (0.5 M) for 
intended SO4
2- amount of 4 wt. %, and then calcined in the temperature range of 500-700 
oC. Accordingly, nine SZ catalyst samples were obtained denoted by the letters revealing 
their precursors (SZ-H, SZ-N, SZ-A) and followed by first digit naming the used calcina-
tion temperature (SZ-A-6 is the catalyst sample obtained from alkoxide precursor fol-
lowing calcination at 600 
oC).  
  The accomplishment of the sulphation and stability of incorporated sulphates in SZ 
samples were checked by TG (Baehr STA 503) in the temperature range of 20-1000 
oC. 
Specific surface area and porosity characteristics were investigated by low - temperature 
N2 adsorption/desorption – LTNA, using BET procedure (Micromeritics ASAP 2010).   
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  Crystal structures of the samples were examined by X-ray diffraction analysis (Phi-
lips APD-1700). In order to get an insight into the mechanism of catalyst deactivation se-
veral used samples were examined by elementary analysis using Energy Dispersive Spec-
troscopy–EDX (JEOL JSM-6460LV). Isomerization of n-C6 in a fixed-bed microreactor 
was used as a test reaction to probe catalyst activity and selectivity at 300
oC. Tests were 
done at atmospheric pressure and with the partial pressure of n-C6 of 60.5 mbar. The 
reaction was performed at a constant ratio He(H2)/n-C6=15 and space velocity in the 
interval 6-810
-2 mol n-C6/gcatmin. The reactor effluent was analyzed by GC (HP 5890) 
equipped with a PONA column and FID detector. Finally, different samples activities 
were correlated with their surface acidity, estimated by the change of color of Hammett 
indicators.  
 
 
RESULTS AND DISCUSSION 
 
  Textural and structural properties in dependence of calcination temperature are pre-
sented in Table 1 and Table 2. As expected, surface area decrease and mean pore dia-
meter increase is evident in all samples following increase in calcination temperature. 
This is a result of the sintering process intensification with calcination temperature rise 
(Table 1), which is confirmed by increase of the size of crystalline particles of zirconia 
(Table 2).  
 
Table 1. Surface area, mean pore diameter and total pore volume in dependence of 
calcination temperature 
 
Precursor cat. 
 
T calc. 
oC 
SZ-H  SZ-N  SZ-A 
SS, m
2/g 82 144 103 
d, nm  2.6  3.2  5.8  500 
Vp, cm
3/g 0.05  0.13  0.15 
SS, m
2/g 68 117 73 
d, nm  3.9  4.4  7.2  600 
Vp, cm
3/g 0.06  0.13  0.18 
SS, m
2/g 67  89  65 
d, nm  5.0  6.0  8.3  700 
Vp, cm
3/g 0.09  0.14  0.16 
 
  Textural properties of catalyst samples differ from series to series, depending on the 
used precursor. Textures of samples of nitrate origin (SZ-N) comprised of meso-pores of 
medium size reveal the highest surface area. Insufficiently developed pore structure of 
SZ-H samples is manifested through the lowest both surface area and total pore volume. 
In contrast, the catalyst samples of alkoxide origin exhibit medium surface area and pore 
structure comprising larger meso-pores, resulting in total pore volume close to the advan-
tageous samples of nitrate precursor (Table 1).  
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Table 2. Phase composition and grain size 
Sample  Remaining SO4
2- 
(%) 
Volume fraction 
of t
1 / m
2 phases  
(%) 
Crystalline size of 
tetragonal phase 
(nm) 
SZ-H-5 
SZ -H-6 
SZ-H-7 
2.3
 
2.3
 
1.8
 
100 
71.9 / 28.1 
27.3 / 72.7 
16.5 
20.6 
23.5 
SZ-N-5 
SZ-N-6 
SZ-N-7 
3.0
 
2.9 
2.6 
100 
80.3 / 19.7 
37.5 / 62.5 
8.2 
12.7 
13.7 
SZ-A-5 
SZ-A-6 
SZ-A-7 
4.6 
3.4 
2.5 
100 
86.6 / 13.3 
73.1 / 26.9 
12.1 
13.7 
14.9 
1 tetragonal phase  
2 monoclinic phase 
 
  Based on X-ray diffraction profiles, volume fraction of tetragonal/monoclinic zirconia 
phases are calculated and presented in Table 2. All SZ samples calcined at the lowest 
temperature show the presence of only tetragonal zirconia phase regardless of their pre-
cursor. Catalysts series calcined at 600 and 700 ºC, however, indicate the existence of a 
mixture of tetragonal and monoclinic phases fractions change depending on the sample 
origin. Thus, the catalyst SZ-H performs the fastest transformation of tetragonal to 
monoclinic phase when exposed to higher calcination temperatures (Table 2), being at the 
same time the catalyst with the lowest activity in the whole series (Figure 1). Hence, 
increasing fraction of the monoclinic phase of zirconia, known as catalytically inactive, is 
in line with an increase of the calcination temperature. At the highest pretreatment 
temperature, monoclinic crystal phase prevails, with an exception of the sample SZ-A-7 
which unexpectedly retained a very high fraction of tetragonal zirconia phase (Table 2). 
 Investigations  of  thermal properties (TG analysis) demonstrate a mass loss with all 
samples occurring in two steps: water removal up to 200 
oC and sulphates elimination 
starting from 550 
oC. The sulphates take-off temperatures, as well as the amount of 
sulphates remaining after calcination, differ among the samples, depending on their 
origin (Table 2). However, the total mass loss of about 4.0 % in the temperature interval 
of 550-1000 ºC speaks in favour of identical sulphur loading incorporated in all samples. 
According to the literature, sulphates decomposition is followed by evolution of SO3 
and/or SO2, depending on the gas environment, and this occurs above 550 ºC (10). The 
fact of different amounts of SO4
2- remaining after calcination speaks in favour of different 
mechanisms of its incorporation into zirconia matrices. Obviously, slight differences in 
zirconia structure coming from different precursors define the mechanism of sulphate 
incorporation. Besides, as seen from Table 3, the acidity of samples of the SZ-N and SZ-
A series is more pronounced than the acidity of their counterparts of hydroxide origin, 
although the assessment is constrained due to the limited amount of available indicators.  
 
 
  
  109
Table 3. Surface acidity expressed as Hammett function based on color change of 
Hammet indicators 
 
 
 
  
 
 
 
 
 
 
 
 
 
In Figure 1 are presented the activities of catalyst samples in terms of n-hexane 
conversion and they can be correlated with the corresponding textural, structural and 
surface properties. Obviously, there is a direct proportion between the fraction of te-
tragonal zirconia phase and amount of sulphates remaining upon sample calcination with 
samples’ activity. It also seems that there must be a critical minimal amount of sulphates, 
or perhaps sulphates density on SZ surfaces, for the catalytic activity to be achieved. Tex-
tural properties play a vital role in determining catalytic activity as well. This is parti-
cularly case with pores diameter, considering the high possibility for coking accumu-
lation occurring under the conditions with no H2 in the reactant stream. It is important to 
stress, however, that all these properties do not control catalytic activity properties 
independently, but by acting together through a synergistic effect, determining thus the 
final catalyst quality. 
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Fig. 1. n-Hexane conversion at 300 
oC of SZ samples of different origin and calcination 
temperature 
 
  Regardless of the zirconia precursor, activity of SZ samples declines proportionally 
with increase in calcination temperature. An exception to this observation is the catalyst 
SZ-H. This sample, having in general the poorest catalytic properties regardless of the 
pretreatment temperature, is characterized by the smallest activity in series exactly fol-
lowing calcination at 500 
oC (Figure 1). Bearing in mind the fact of favourable crystal 
Sample  Hammett function, Ho 
SZ-H-5 
SZ-H-6 
SZ-H-7 
3.3>Ho>>0.8 
3.3>Ho>>0.8 
3.3>>Ho>>>>0.8 
SZ-N-5 
SZ-N-6 
SZ-N-7 
3.3>H00.8 
3.3>H0>>0.8 
3.3>>H0>>>>0.8 
SZ-A-5 
SZ-A-6 
SZ-A-7 
3.3>H00.8 
3.3>H0>>0.8 
3.3>>H0>>>0.8 
o oo 
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structure of SZ-H-5 sample, its negligible activity might be related to the inappropriate 
texture, the amount of sulphates and/or surface properties (Table 1 and Table 2). Namely, 
a low activity of the SZ-H-5 sample can be attributed to coke accumulation and plugging 
of pores of very small size, which are even close to the micro-pore range (Table 2 and 
Figure 2) (9,11,12). Indeed, the coke formation as the result of catalytic run of SZ-H-5 
sample was proved earlier by EDX (13). Taking into consideration somewhat better ac-
tivity of the SZ-H-7 sample, having inadequate both structural and surface properties but 
including pores of bigger diameter, it seems that pore size is a dominant factor that deter-
mines catalytic performances, at least in the series of SZ-H samples.  
  Oppositely, the prevailing phase structure, crystallite size, amount of residual sulpha-
tes of the catalyst series, as well as surface properties of those synthesized on the basis of 
two other precursors (SZ-N and SZ-A) show the values that affect more favourably their 
activity in the reaction of n-hexane isomerization. Catalyst SZ-N-5 shows maximal 
activity among all catalysts samples. It may be attributed to its favourable zirconia crysta-
lline size, which is the smallest among all samples, as well as to its highest acidity in the 
whole series (Table 2 and Table 3) (12).  
  Catalysts samples SZ-A calcined at 600 and 700 ºC showed an activity that was hig-
her than of the other catalyst samples calcined at same temperatures, due to their favou-
rable fraction of active tetragonal crystal phase, and amount of residual sulphates, con-
sequently, to their surface properties. It seems that a certain surplus of residual sulphates 
of the catalyst of alkoxide precursor does not have a predominant impact on catalytic ac-
tivity, comparing catalyst samples SZ-A-5 and SZ-N-5. 
 
 
 
Fig. 2. EDX spectrum of SZ-H-5 sample deactivated by coke deposition following  
45 min of time-on-stream in He/C6 
 
  Regardless of catalyst samples precursor and temperature of calcination no activity 
was observed using H2 as carrier gas. In experiments performed in He as carrier all cata-
lysts were active at the very beginning of time-on-stream, followed by a relatively fast 
deactivation. Specific mechanism of deactivation including oxidative dehydrogenation 
reaction was suggested earlier under the conditions with no H2 reactant stream. It may be 
explained in terms of reduction of oxidation state of S from +6 to +4, followed by water 
formation in the presence of He (14).   
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Table 4. Selectivities of SZ catalysts samples 
 
Initial Product Distribution (%) 
Sample  i-C6 
(%) 
Monobranched 
isomers (%) 
Multibranched 
isomers (%) 
SZ-H-5  53.9 50.2  3.7 
SZ-H-6 26.0  21.9  4.1 
SZ-H-7 66.3  62.9  3.4 
SZ-N-5  10.3 8.4  1.9 
SZ-N-6 21.5  18.5  3.0 
SZ-N-7 39.2  22.7  16.5 
SZ-A-5  19.8 19.2  1.6 
SZ-A-6 21.7  18.2  3.5 
SZ-A-7 16.5  14.1  2.4 
 
  Distribution of initial reaction products shows the lack of highly desirable multi-
branched isomers, i.e. 2,2- and 2,3-dimethyl-butanes, and relatively high ratio of i-C6 
(Table 4). A minor fraction of highly desirable dimethyl-butanes might be understood in 
terms of insufficient acidity of catalysts applied in this investigation. In the inert atmo-
sphere performed here, reaction mechanism including acidic sites may be quite questio-
nable (12). A direct isomerization of paraffins in the absence of metallic sites is possible 
on acidic sites by a carbenium ion requiring strong acidic site, or carbonium ion requiring 
high reaction temperature in addition to strong acidity (15).  
 
 
CONCLUSIONS 
 
  Slight differences in precursor’s properties induce the differences in the incorporation 
of SO4
2- groups into ZrO2 matrices, influencing thus the structural, surface and catalytic 
properties of the final catalyst.  
  Higher activity and stability of SZ samples prepared from an alkoxide precursor at 
higher calcination temperature indicates a beneficial influence of meso-size pores. The 
mentioned activity is most probably due to a better accommodation of coke deposits and 
negligible deactivation by the pore plugging mechanism, leading to fast deactivation 
(9,11). 
  
ACKNOWLEDGEMENT 
 
  Financial support of the Serbian Ministry of Science and Environmental Protection 
(Project ON142024 - „To Green Chemistry via Catalysis“) is highly appreciated. 
 
 
  
  112
REFERENCES 
 
1. Maxwell, I.E., J.E. Naber and K.P. de Jong: The pivotal role of catalysis in energy 
related environment. Appl. Catal. A: General. 23 (1994) 153-173. 
2. Boskovic G., R. Micic, P. Pavlovic and P. Putanov: n-Hexane isomerization over Pt-
Na(H)Y catalysts obtained by different preparation methods. Catal. Today  65 
(2001) 123-128. 
3. Yamaguchi, T.: Alkane isomerization and acidity assessment on sulfated ZrO2. 
Appl. Catal. A: General. 222 (2001) 237-246.  
4. Weyda, H. and E. Kohler: Modern refining concepts - an update on naphtha-
isomerization to modern gasoline manufacture. Catal. Today 81 (2003) 51-55.  
5. Parera J.M.: Promotion of zirconia acidity by addition of sulfate ion. Catal. Today 
15 (1992) 481-489. 
6. Yadav G.D. and J.J. Nair: Sulfated zirconia and its modified versions as promising 
catalysts for industrial processes. Micropor.&Mesopor.Mater. 33 (1999) 1-48. 
7. Corma A., J.M. Serra and A. Chica: Discovery of new paraffin isomerization 
catalysts based on SO4
2-/ZrO2 and WOx/ZrO2 applying combinatorial techniques. 
Catal. Today 81 (2003) 495-506. 
8. Sohn J.R. and H.W. Kim: Catalytic and surface properties of ZrO2 modified with 
sulfur compounds. J. Mol. Catal. 52, (1989) 361-374. 
9. Zarubica A., M. Miljkovic, E. Kiss and G. Boskovic: Benefits of Mesopores in 
Sulfated Zirconia Catalysts. React. Kinet. Catal. Lett. 90, No. 1 (2007) 145-150. 
10. Srinivasan R., R.A. Keogh, D.R. Milburn and B.H. Davis: Sulfated Zirconia 
Catalysts: Characterization by TGA/DTA/Mass Spectrometry. Catal.Today 20 
(1994) 219.  
11. Boskovic, G., and M. Baerns: Catalyst Deactivation in Basic Principles of Applied 
Catalysis in M. Baerns (Ed.), Springer, Berlin (2004) pp. 475-499. 
12. Zarubica A., P. Putanov and G. Boskovic, Sulfates Contents and their Stability – 
Key Factors Determining Activity of Sulfated Zirconia Catalyst. J. Serb. Chem. Soc. 
72, 7 (2007) 679-686.  
13. Zarubica, A., M. Kovacevic and Boskovic G.: Activity-Structure Correlation of 
Sulfated Zirconia Catalyst. PSU-UNS International Conference on Engineering and 
Environment-ICEE-2007, Phuket, Thailand, 10-11 May 2007, CD-Rom. 
14. Buchholz, T., U. Wild, M. Muhler, G. Resofszki and Z. Paal: Hydroisomerization of 
n-hexane over Pt/sulfated zirconia: activity, reversible deactivation, and surface 
analysis. Appl. Catal. A: General. 189 (1999) 225-236.  
15. Jacobs, P.A. and J.A. Martens: Introduction to acid catalysis with zeolites in hydro-
carbon reactions. Stud. Surf. Sci. Catal. 58 (1991) 445-496.  
 
                                                
                                             (IV)-
       
 
A           .         ,        .          
 
                       (IV)-                         :           ,           
                                        :               /             ,      
  113
                 –            .                                         4 
       % SO4
2-                                   500    700 ºC.               -
                                                                        -
                       SO4
2-                           (IV)-       (ZrO2).     
                                                                             -
   ,                             ,                                            
                                                    (IV)-      .             
                                                                             
    ,                 ,                                     .                 -
                                                 (IV)-                     -
                                                -    ,                        -
                      . 
 
Received 11 June 2007 
Accepted 10 July 2007 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 